Fe-doped CaTi2O4(OH)2 cathode materials for supercapacitors were synthesized by a facile hydrothermal method. The effects of Fe-doping ion content on the electrochemical performance of CaTi2O4(OH)2 were studied by galvanostatic charge/discharge and cyclic voltammetry measurements. The optimal Fe-doping ion content x was 0.06 in a CaFexTi2-x(OH)2 system. Fe-doped CaTi2O4(OH)2 samples exhibited improved cyclic ability, such that the capacity of CaFe0.06Ti1.94O4(OH)2 was 964.3 F•g -1 , which was 3.36-fold higher than the undoped system, at a current density of 10 A•cm -2 , and had good long-term cycling stability (99.7% retention after 5000 cycles at 10 mA•cm -2 ). The enhanced electrochemical properties of CaTi2O4(OH)2 might be ascribed to material morphology, increased electrical conductivity, and structural stability.
INTRODUCTION
As a means of bridging the power-energy gap between batteries and traditional capacitors, rechargeable supercapacitors (SC) have attracted interest as an energy storage system due to their high rate capacity and high power density. [1] [2] [3] [4] The electrode material is a key component in SCs, because charge generation and transport take place through it. [5] [6] Metal oxides and hydroxides have been studied extensively [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] , however, these materials cannot meet the rapid development of the current information-rich mobile society, due to their relatively low rate capability, cycling stability, or high expense. For example, in a commercial SC, Ru oxide is utilized as the cathode material, but its high cost prevents large-scale use. Therefore, more effort has been invested in exploring novel electrode materials for both cathodes and anodes. [18] [19] [20] [21] 2 nanosheets have been shown to exhibit good electrical properties and facile to produce in large scale. [22] [23] [24] . Despite its economic advantages, according to our previous report, it is necessary to improve the material's low conductivity to enhance energy conversion efficiency. Generating active sites and enhancing intrinsic conductivity in defect engineering of transition metal dichalcogenides have been regarded an effective method for improving electrochemical performance. To our knowledge, the partial substitution of Ti with other metals (e.g., Fe ions) was also worth exploring, as doping of Fe ions into LiMn 2 O 4 , Li 3 V 2 (PO 4 ) 3 , and Li 2 Ti 3 O 7 have been shown to effectively enhance their electronic conductivity, due to formed vacancies. [25] [26] [27] In this paper, the effects of Fe ion doping on the electrochemical properties of CaTi 2 O 4 (OH) 2 were examined.
EXPERIMENTAL

Synthesis of the samples
Titanium n-butoxide (TBOT), ferric nitrate (Fe(NO 3 ) 3 ·9H 2 O), and calcium chloride (CaCl 2 ) were chosen to form the precursor. The molar ratio of precursor CaCl 2 /TBOT/water/ethanol was 1/1/100/10. For this, a TBOT-ethanol solution was added to an aqueous CaCl 2 and Fe(NO 3 ) 3 ·9H 2 O solution (Fe/Ti molar ratio x was 0, 0.02, 0.04, 0.06, and 0.08), forming suspension A. After stirring for 10 min, 2.4 ml of 3 M NaOH was added to suspension A under vigorous stirring. Subsequently, the autoclave was sealed and heated to 200 o C for 24 h, followed by natural cooling to room temperature. The samples were thoroughly washed and dried at a vacuum oven at 80 o C for 24 h. The powders with various Fe ion doping concentrations were prepared, hereafter termed as CaFe x Ti 2-x (OH) 2 (x = 0, 0.02, 0.04, 0.06, and 0.08).
Characterization of the samples
Phases of samples were analyzed by X-ray diffraction (XRD; X'Pert Pro, Malvern Panalytical B.V., Almelo, The Netherlands) in a θ range from 10 to 70 o , using Cu-K a radiation (λ = 0.15420 nm). Sample microstructures were analyzed by a field emission scanning electron microscopy (FESEM; Hitachi S-4800, Hitachi High-Technologies Corp., Tokyo, Japan) and high-resolution transmission electron microscopy (HRTEM, FEI Tecnai G2 F-30, FEI Co., Hillsboro, OR, USA) operating at an accelerating voltage of 200 kV to further characterize sample morphology. Sample surface areas were characterized using the Brunauer-Emmett-Teller (BET) method and pore sizes determined using the Barrett-Joyner-Halenda (BJH) method with the nitrogen branches of isotherms collected at 77 K on a TriStar II 3020 nitrogen adsorption apparatus (Micromeritrics Instrument Corp., Norcross, GA, USA).
Electrochemical measurement of the samples
Working electrodes were prepared by coating a mixture of 85-wt% CaFexTi2-x(OH)2 sample, 10-wt% acetylene black, and 5-wt% poly(tetrafluoroethylene) onto nickel foam sheets. The electrolyte was 1 M LiPF6 (battery grade; Merck KGaA, Darmstadt, Germany) in a mixture of ethyl carbonate (EC) and diethyl carbonate (DMC, 1/1 by vol) on nickel foam sheets with a size of 1.5 × 1.5 cm and dried at 60°C (8.4 mg loading). Electrochemical properties were measured using CHI660C electrochemical analyzer system (Chenhua Instrument Corp., Shanghai, China) in a three-compartment cell with a working electrode, platinum plate counter electrode, and saturated calomel reference electrode (SCE). Galvanostatic charge-discharge was analyzed using a LAND CT2001A test system (Land electronics Co., Ltd., Wu Han, China). XRD patterns of typical CaFexTi2-x(OH)2 samples (x = 0, 0.02, 0.04, 0.06, and 0.08) showed that the peaks corresponded to CaTi2O4(OH)2 (JCPDS card 39-0357, Fig. 1 ). No other impurity peaks were observed, indicating that pure CaTi2O4(OH)2 had been obtained. Peak positions of doped samples were consistent with undoped samples, although sample peak intensities varied. The intensities of (040), (340), (331), (191), (371), and (402) for doped samples were much lower than those of undoped samples, which might be attributed to solid-solid interactions and altered grain size. [28] The sample lattice constants with various Fe-doped contents showed that the intensities of Fe-doped samples decreased with Fe-doped content and Fe ion peaks were not observed (Fig. 1) . The average crystallite size of CaTi2-xFexO4(OH)2 samples with various x values was calculated using the XRD-Scherrer formula, d = kλ/βcosθ, where d is the mean crystallite size, k at -0.9, λ the wavelength of Cu-Kα (e.g., λ = 0.15420 nm), β the full width at half maximum intensity of the peak (FWHM) in radians, and θ Bragg's diffraction angle [28] . The lattice constants and cell volumes were calculated by direct methods and Fourier synthesis using the program SHELXS−97 (Program for Crystal Structure Solution and Refinement, University of Gottingen, Germany) [29] . The crystalline size and cell volume were observed to decrease with increased x ( Fig. 2 ). Typical images of an undoped sample showed many small, distributed nanosheets (Fig. 2a) . When the Fe-doped content was 0.06 mol, the sample exhibited uniformly dispersed, small nanosheets. When x was 0.08, large agglomerates composed of dense nanosheet-like morphology appeared in the samples while welldispersed nanosheets disappeared (Figs. 2e-2f), indicating that excessive Fe-doped content was harmful for the formation of high-quality nanosheet structures. This was attributed to the effect that Fe-doping ions made the nucleation process more difficult as clarified that the degree of crystallization decreases (Fig. 1) . Typical TEM images and corresponding HRTEM patterns of CaFe x Ti 2−x O 4 (OH) 2 samples with x = 0 and 0.06 showed that undoped CaTi 2 O 4 (OH) 2 samples were composed of many overlapped nanosheets of 5-7 nm thickness (Fig. 3a) . HRTEM images of undoped CaTi 2 O 4 (OH) 2 samples showed that the lattice space was 0.1898 nm, which was in accordance with a lattice spacing of the (422) plane (Fig. 3b) . TEM images of CaFe 0.06 Ti 1.94 O 4 (OH) 2 samples showed that most of the sample retained nanosheet-like structures with thicknesses of 3-5 nm and some nanoparticles coexisted, in which some mesopores formed (Fig. 3c) . Although CaFe 0.06 Ti 1.94 O 4 (OH) 2 samples retained the original flake structure, its thickness was smaller than that of undoped sample and filled with small pores, which was beneficial to ion adsorption from the electrolyte. Thus, the BET of the samples was observed to increase with x (Table 1 ) and, thus, the samples' electrochemical properties enhanced. After doping with Fe ions, CaFe 0.06 Ti 1.94 O 4 (OH) 2 nanosheets also exhibited clear lattice fringes and the corresponding lattice spacing 0.1890 nm, which was accordance with a (422) plane (Fig. 3d) . (Fig. 4) . The pore size distribution of the typical samples revealed that, Fe-doped samples exhibited smaller size distributions, with mean pore diameters of ~6.8 nm, which was attributed to spaces between small CaTi 2 O 4 (OH) 2 grains (Fig. 4, inset) . Such a small mesoporous size distribution was conductive for electrolyte adsorption and diffusive ion transportation. CV curves of electrodes prepared from CaFe x Ti 2-x O 4 (OH) 2 samples (x = 0, 0.02, 0.04, 0.06, and 0.08) showed that areas surrounded by CV curves and peak currents of doped samples were much larger than those of undoped samples, indicating that all Fe-doped CaTi 2 O 4 (OH) 2 samples exhibited larger discharge capacities than those of undoped samples (Fig. 6a) . Interestingly, CV curve shapes after Fe-doped CaTi 2 O 4 (OH) 2 samples were almost unchanged, which indicated that Fe-doped CaTi 2 O 4 (OH) 2 did not change the material's structure and also indicated the electrochemical reaction process for the phase transformation and redox couple. However, the cathodic peaks all shifted to lower potentials and then the potential differences between anodic and cathodic peaks became smaller, indicating an improvement in electrode reaction reversibility. Moreover, the symmetry of redox peaks from Fe-doped samples was observed to be relatively higher than that of undoped ones, which indicated that sample capacity stability was enhanced after Fe doping. Charge-discharge curves of CaTi 2 O 4 (OH) 2 electrodes in the range of 0-0.5 V at 10 mA•cm -2 are shown in Figure 6b . Based on the data in Figure 6 (a), the specific capacitance was calculated according to equation ( Nyquist plots of the optimal CaFe 0.06 Ti 1.94 O 4 (OH) 2 electrode and an original sample, in the range of 1-1000 kHz, showed that these impedance spectra exhibited high frequency semicricles and low frequency tails, suggesting a double layer reaction at electrode/sample interfaces and ion diffusion in the solid matrices (Fig. 7) . In the high frequency region, both samples were seen to exhibit similar semicircles, corresponding to the charge-transfer resistance. [31] Compared to the undoped sample, the charge-transfer resistance (Rct) of Fe-doped samples decreased. Combined with XRD, HRTEM, and the decreased cell volumes of Fe-doped samples results (Table 1) , the small grain sizes and pores of Fe-doped samples were concluded to provide more channels and interface between electrode and electrolyte for fast ion and charge transport. The straight line in the low frequency region was ascribed to Warburg impedance. [32] Resistance values of undoped samples were ~75 Ω•cm 2 , whereas the semicircle was smaller and resistance values thus lower after doping with Fe ions. This indicated that Fe doped samples had faster charge transfer at the electrode-electrolyte interface, compared to without doping. An equivalent electrical circuit model for illustrating impedance spectra was proposed here, which was composed of electrolyte resistance (Rs), charge-transfer resistance (Rct), double layer capacitance, a constant phase element (CPE), with Warburg impedance (Zw) attributed to ion diffusion in the matrix (Fig. 7d, inset) Figure 8c and the capacity observed to clearly increase in the first 100 cycles, which might have been because of electrode materials utilization activation. The specific capacities keep almost unchanged and remained 99.7% even after 5000 cycles, indicating a good candidate for supercapacitor application. To further understand the performance of CaFe 0.06 Ti 1.94 O 4 (OH) 2 for electrochemical energy storage, the columbic efficiency of the sample is analysized (Fig. 8(d) ). During the cyclic process, the columbic efficiency is 92%, indicating a good capacity retention. Further demonstrating the practical application of our samples, the best optimum CaFe 0.06 Ti 1.94 O 4 (OH) 2 electrode materials were assembled in CR2025-type coin cells. After charging for a short time, the sample device can easily power for a light-emitting diodes as shown in inset of Fig. 8(d) , which indicates its future in practical application for supercapicators. XRD patterns of CaFe 0.06 Ti 1.94 O 4 (OH) 2 samples after 100 charge/discharge cycles showed that the patterns were similar to the original samples, indicating that the samples could recycle even after many charge/discharge cycles (Fig. 9) . Only the peaks of the sample became broadened, indicating active materials pulverization during long-term cycles.
The present results demonstrated that CaFe 0.06 Ti 1.94 O 4 (OH) 2 had the highest conductivity and possessed optimal electrochemical properties, which was attributed to morphological effects enhancing electrochemical activities [34] and smaller particles size that more easily accommodated structural changes during the cycling process. [35] In addition, the existence of Fe ions resulted in some local defects in the crystal structure, and thus increased electrical conductivity and ionic diffusion. Therefore, the cyclic performances of the CaTi 2 O 4 (OH) 2 system were apparently improved after introducing small amounts of Fe-doped ions. Complete clarification of Fe doping effects in the CaTi 2 O 4 (OH) 2 system requires further investigation.
Comparison of the electrochemical properties of similar electrode materials for supercapacitors reported in the literature and investigated here showed that, compared with many previous reports, CaFe 0.06 Ti 1.94 O 4 (OH) 2 nanosheets had high capacity and superior rate capability (Table 2) . 2 system was successful for enhancing electrochemical properties by improving structural stability and electrical conductivity. The results of this study will contribute to furthering the applications of these materials in supercapacitors and also meaningful to future research.
